Introduction

30
The quasibiennial oscillation (QBO) is the dominant pattern of variability in the tropical lower 
and the pressure is specified following Laprise and Girard (1990, their eq (5.1)) as A(η) = η − B(η) (3)
with η T = η N+1/2 and r = 1.5. The full levels are given by η i = (η i+1/2 + η i−1/2 )/2. This grid polar vortex, taken to be in the Northern Hemisphere in the present work. The parameter γ, which 115 determines the strength of the polar vortex, is set to 1 K km −1 .
116
A quasi-stationary wave field is produced by specifying a Gaussian surface topography
centered in the Northern Hemisphere at φ h = 45 • N with ∆φ h = ∆λ h = 15 • . The height h 0 of the 118 mountain is 3 km.
119
Other parameters (including the surface and sponge layer friction) are set identically following 120 Polvani and Kushner (2002) , with the exception of κ (0.286 is used here instead of 2/7) and the 121 hemispheric asymmetry parameter ε, set here to 5 K.
122
As has been found by other authors, the structure of tropical variability in such configurations 123 is sensitive to subtle details, e.g., to the choice of dynamical core (Yao and Jablonowski 2015) .
124
This is found to be the case here as well; for instance varying ε by just a few degrees is enough to 125 substantially change the character of the easterly jets. We proceed for now assuming that this sen-
b. Reanalysis data
We make use of six-hourly model level data output on a 1 degree grid from the ERA Interim 
The wave forcing is smoothed using a causal version of this filter; 149 f c (t; τ) = e −t/τ if t ≥ 0, 0 otherwise.
This is motivated by the fact that only wave forcing that precedes a given time contributes to the 150 structure of the circulation at that time. In all cases a finite number of weights are used; this is 151 chosen to be large enough that the results are not sensitive to further increases. The choice of 152 time-scale τ is given in the figure captions. advection from the westerly shear layer at 50 hPa.
170
The structure of the jet and the meridional component of the E-P flux in the meridional plane is make westerly jets tall and narrow and easterly jets shallow and broad.
203
The evolution of equatorial winds, the full E-P flux divergence, and the vertical velocity com- in the composite 500 days prior to the central date, centered somewhat below the level at which 212 the winds first reverse. The composite wave driving strengthens somewhat over these 500 days,
213
though the wave driving in individual events is still quite intermittent as can be seen in Fig. 1b .
214
Around the central date the wave driving strengthens substantially as the easterly jet strengthens 215 and begins to migrate upwards, consistent with the focusing seen in Fig. 2c .
216
Prior to the reversal, there is ascent throughout the depth of the tropical stratosphere (Fig. 3b) .
217
As the westerly shear strengthens, the secondary circulation first counter acts then ultimately over- confine the easterly jet and extend the westerly jet.
222
avoid a lengthy digression on the technical details, and in part because closing the budget accu-224 rately in this region is quite difficult given the delicate balances and short vertical length scales 225 relative to the model grid spacing. It has been confirmed, however, that the easterly wave forcing 226 associated with the meridional E-P flux convergence is the dominant easterly force and is more 227 than sufficient to explain the net acceleration over the period shown in Fig. 3 . use is a one-dimensional model of the vertical profile of equatorial zonal mean zonal wind u(z,t),
232
considering explicitly the role of vertical advection
We include an applied force F to represent the easterly wave force over the 500 days or so prior to 234 the onset of the easterly winds; we will focus mostly on the case where F is negative and constant.
235
We return to the substantial enhancement of the wave forcing after this period in the next section.
236
The zonal wind is advected by the vertical wind that consists of a constant background upwelling 237 w 0 > 0 modulated by the secondary circulation produced by radiative relaxation (−Γ∂ z u). This 238 sensitivity of the vertical winds to the vertical shear and its role in the descent of QBO winds in 239 the meridional plane is discussed by Dunkerton (1991). We restrict our attention here to a single
240
(spatial) dimension for simplicity, though this has an apparent price: (9) does not conserve total 241 momentum udz. This is in fact consistent with considering this to be a model of the equatorial 242 region under some simple assumptions as justified in Appendix A; the lack of conservation can 243 be associated with an implied meridional transport and is in fact be a useful feature of (9) as will 244 become apparent. The essential mechanisms discussed here have also been confirmed in a zonally 245 symmetric model of the meridional plane (not shown).
246
After Dunkerton (1991, his section 4), Γ can be related to other known parameters. Consider a 247 local temperature anomaly T with meridional length scale L over the equator
Assuming thermal wind balance β y∂ z u = −R∂ y T /H, and that the relaxational radiative heating Returning to (9), it is useful to consider first the steady-state solution to a fixed imposed forcing 255 F = f (z). There are two solutions for the shear as a result of the quadratic non-linearity
If the secondary circulation is weak compared to the background upwelling, the appropriate solu- 
where (13) follows if the origin is taken to be below a localized forcing. For a single-signed 260 forcing, the largest response is above the forcing region where the ascending parcels have been 261 subject to the largest time-integrated force. In the presence of stronger upwelling, parcels will be 262 subject to the forcing for a shorter time, and therefore the net zonal wind response will be weaker.
263
Steady state is achieved by advecting the anomalous momentum upwards away from the region of 264 the forcing.
265
The secondary circulation introduces an asymmetry between westerly and easterly forces. The More direct insight comes from analysis of the transient problem in which u is initially zero.
274
We consider again a localized force, with vertical length scale D = z f , but assume in this subsec- 
this process leads in (9) to the formation of a localized easterly jet with a discontinuity in the shear 282 at the jet maximum. From the discussion of the steady-state solution in the previous section, one 283 might assume that the arresting of parcel ascent would lead to the build up of easterly momentum 284 within the forcing region; that this does not occur is a result of the meridional transport implied 285 by (9).
286
It is worth noting that this threshold does not depend on the vertical length scale of the force;
287
though for fixed f c , w 0 , and Γ, the timescale on which this localized maximum emerges, and the 288 magnitude of the associated wind anomalies, do.
289
This is illustrated in Fig. 4 , which shows numerical solutions to (9) for a forcing
with three values of f 0 . The flow has been non-dimensionalized using the advective timescale T ,
291
the vertical scale D of the forcing, and a velocity scale U = w 0 z f /2Γ. The last can be thought of as 292 the wind anomaly associated with a shear layer strong enough for the secondary circulation to be 293 comparable to the background upwelling, with a factor of 2 included for analytical convenience.
294
The solution is determined by the single non-dimensional parameter F = f 0 /F c . Weak vertical 295 diffusion has been added to keep the solutions regular, but it has been verified that the character of 296 the solutions is very weakly sensitive to the value chosen. Figure 4b shows the case F = 2. In this case the secondary circulation is of the same order 302 as the background upwelling, although no net downwelling is produced (values remain below 1).
303
Nonetheless, the vertical convergence is still sufficient to form a localized easterly jet (with a 304 discontinuity in the shear in the inviscid case, as indicated by the characteristics-see Appendix
305
B for discussion). The jet maximum forms within the forcing layer but above its midpoint then 306 migrates upwards until it reaches the top of the forcing layer, upon which the easterly winds again 307 spread upwards.
308
For stronger values of the forcing (Fig. 4c) , net downwelling is produced over a narrow region,
309
as occurs in the composite (Fig. 3b) . The jet maximum forms earlier and closer to the midpoint of 
313
Despite the fact that parcels are being advected towards the center of the jet from above and 314 below, implying they can remain in the forcing region indefinitely, the easterly winds strengthen 315 only moderately. The convergence of the vertical velocities implies a meridional divergence, and 316 thus that the easterly momentum is being transported off the equator, consistent with the structure 317 of the secondary circulation and shallow, broad aspect ratio of the easterly jets seen in Fig. 2 .
318
This simple advective model provides the following predictions. Firstly, it suggests a threshold, 319 F = 1, above which an imposed easterly forcing will produce an isolated easterly jet within the 320 forcing layer that spreads meridionally (at least transiently), as opposed to an easterly anomaly 321 that spreads upwards with the largest response above the layer of the forcing. It can be shown that 322 this threshold applies essentially unchanged to an applied force of any given vertical structure, and
323
can be generalized to the case where there is shear in the initial profile; these arguments are given 324 in Appendix B. Secondly, for all values of F, the maximum wind response is above the center of 325 the forcing layer, suggesting that the forcing relevant to the disruption lies below the level at which the jets form.
327
While the secondary circulation is essential for determining the aspect ratio of the jet, the vertical 328 scale is determined by the imposed forcing. This is consistent with the structure of the wave driving 329 shown in Fig. 3a and will be discussed in the context of the observed disruption in Section 6. from westerly to easterly is very similar across the reduced topography runs and the base run.
These features again suggest that while there is a strongly stochastic aspect to the initiation of 349 the disruptions that depends on h 0 , the development of the easterly jet itself is controlled by a 350 deterministic feedback that does not. The presence of such a feedback will shortly be confirmed. of the wave driving seen prior to the onset of the easterly forcing in Fig. 3a , and has the structure and that, on the color scale used for the eddy forcing, the imposed forcing of f30 would only just 387 be visible. The fact that a substantial eddy response is seen in f30 but not in f8 or f15 suggests the 388 existence of a threshold value for the wind response for this eddy response; this is consistent with 389 the easterly wave driving in Fig. 3a amplifying only once the wind anomaly has reached 6-8 m s −1
390
(it is plausible that this feedback could ultimately arise in f8 or f15 if the integrations were carried 391 on for sufficiently long, this has not been explored).
392
The scaling discussed above suggests that in each case the secondary circulation should substan-393 tially perturb the background upwelling. In the strongest forcing case f30 this can be seen (Fig. 6f) 
The overall timescale of the nudging is κ 
418
The resulting winds are shown in Fig. 7a , along with the meridional component of the E-P flux.
419
Despite the lack of surface topography, the westerly winds in the Northern Hemisphere allow 420 waves to propagate upwards into the stratosphere, then equatorward. The equatorial fluxes are 421 therefore southwards, and are relatively constant with height within the equatorial westerly jet.
422
The westerly jet is associated with enhanced meridional PV gradients along the equator (Fig. 7d ).
423
The wind profile is then perturbed in two further cases e1 and e2 by introducing a shallow 424 easterly anomaly, centred near 20 hPa (the height at which the jets emerge in the free running 425 model). This is done by replacing the vertical profile Z of the reference jet by
where z e = 30 km and ∆z e = 2 km. The anomaly in e1 is half the amplitude of the westerly jet (δ 427 = 0.5) and so the winds remain westerly at all heights, while the anomaly in e2 is strong enough 428 to generate an easterly anomaly (δ = 1.5). anomaly which would, in the absence of such a structure, propagate more diffusely.
456
The results and discussion of the previous sections suggest that the easterly disruptions in the perhaps when the easterly anomalies become too strong to admit further wave driving. contours near 55 hPa from late February on), but in contrast to the dry dynamical core (cf. Fig. 3b ),
485
the secondary circulation is much weaker relative to the background upwelling.
486
The vertical structure of the meridional component of the resolved wave driving shown in Fig. 8a 487 does not obviously match the vertical structure of the easterly jet which emerges. This is also true 
508
The sensitivity parameter, Γ, is more difficult to estimate for the real atmosphere than for the values of wave forcing shown in Fig. 8a . This suggests that the observed disruption is in the weak 519 forcing regime, despite the considerably stronger wave forcing relative to the dry dynamical core 520 (Fig. 1b) . This is consistent with the relatively weak anomalies to the upwelling in the reanalysis 521 data.
522
The meridional structure of the zonal wind and meridional E-P flux anomalies (relative to cli- 
531
From mid-January through to the end of February a shallow layer of meridional E-P flux is seen, 532 centred on the 40 hPa level where the jet is emerging (Fig. 8b) . The developing easterly anomaly 533 also leads to a weakening of the meridional PV gradients at the equator and a strengthening of the 534 gradients on the Northern subtropical flank of the anomaly (Fig. 9e) . Both the E-P flux anomalies 535 and PV gradients closely resemble those seen in the nudged simulation e1 (Fig. 7b,e) , though flanks of the easterly jet, similar in structure and magnitude to those seen in e2 (Fig. 7f) . However,
543
the increase in E-P fluxes in the Southern Hemisphere seen in e2 (Fig. 7c) is not apparent in this
544
period. This may be explained by the deeper region of easterly winds separating the subtropical 545 jet in the troposphere from the developing easterly jet which was not present in the dry dynamical 546 core integrations. The pattern of fluxes more closely resemble those seen in the free-running dry dynamical core integration (e.g. Fig. 2c ).
548
On the basis of these comparisons with the dry dynamical core, we argue that the period from 
568
Because the E-P flux anomalies during this initial period appear to be propagating out of the 569 tropospheric subtropical jet ( Fig. 9a ; this is confirmed by inspection of the vertical fluxes), it is 570 plausible that these initial wave driving events are associated with synoptic scale eddies propagat- was not the overall level of wave activity at these levels, but the degree to which this wave activity 579 was able to propagate into the deep tropics, and the degree to which this activity was absorbed at 580 the equator, which is most obviously controlled by the zonal wind profile in the Northern tropics.
581
At the 60 hPa level these winds are most strongly controlled by the QBO itself, but the influence 582 of El Niño, which is associated with a strengthening of the upper flanks of the subtropical jets,
583
becomes more prominent lower in the stratosphere.
584
These results suggest the importance of several factors in leading to this disruption. First, the 585 QBO westerlies need to be sufficiently deep for the wave driving to produce an isolated easterly 586 jet (rather than simply encouraging or discouraging the descent of a shear zone). They also need 
591
The dynamical feedback may also be stronger in Northern Hemisphere winter due to the presence 592 of stronger stationary waves, though the results of the dry dynamical core suggest that a topo-593 graphic source is not essential. Finally, a sufficiently strong series of wave forcing events needs 594 to occur to initiate the easterly anomaly. Given that these extratropical waves carry only easterly pseudomomentum, it is unlikely that an analogous westerly disruption could also occur.
596
Conclusions
597
A dry-dynamical core configuration is described in which a steady-state, tall, equatorial west-598 erly stratospheric jet is quasi-periodically disrupted by shallow easterly jets. These disruptions 599 resemble in specific ways the disruption of the westerly QBO phase observed in early 2016. applied easterly force is stronger than a threshold value, the secondary circulation acts to confine 610 the wind response in the vertical, and momentum is instead advected meridionally off the equator.
611
The threshold force, F c = w 2 0 N 2 /(4αβ L 2 ), depends on the background upwelling, static stability, 612 radiative damping rate, the meridional length scale of the forcing, and the meridional gradient 613 of the Coriolis parameter at the equator. For easterly forces weaker than this threshold the wind 614 response is advected upward. However, while this mechanism is likely important for establishing 615 the aspect ratio of the easterly jet and maintaining its shallow vertical scale, it cannot explain the 616 increasingly rapid strengthening of the easterly jet.
617
The second mechanism considered involves a feedback between the mean flow and the wave 
631
These results suggest that the disruptions evolve through two stages. First, an initial series of 632 weaker wave forcing events produces a weak, shallow easterly anomaly. Provided that the anomaly 633 becomes sufficiently strong, the second stage begins when a positive feedback arises. Extratropical 634 E-P fluxes amplify and focus on the developing easterly anomaly, producing the full easterly jet.
635
While one might be concerned about the sensitivity found in the dry dynamical core to, for 636 instance, the hemispherical sensitivity parameter ε (see Section 2), the similarity between the jet. The pattern of E-P fluxes and PV gradients in the meridional plane during this mid-January-
647
February period are quite similar to those obtained in the dry dynamical core, suggesting that the 648 dynamical feedback identified in the dry dynamical core was active during the observed event.
649
This period can thus be idenfied with the second stage.
650
The eddy feedback cannot explain the wave driving required to initiate the easterly anomaly by 651 mid-January. The advective model suggests that the wave driving just below 40 hPa is relevant 652 for this anomaly, and indeed the wave driving at these levels during this period is found to be likely that the strong El Niño event that occurred over the same period played a role in this event.
659
Increasing concentrations of greenhouse gases are also expected to lead to this kind of circulation 
663
While the wave driving during the onset of the disruption, i.e. during November through mid-
664
January, may well have been statistically unlikely and difficult to forecast, the relevance of a 665 feedback process suggested by the similarity of the observed event to the dry-dynamical core in- 
680
The source code and data for the dynamical core integrations are available from the corresponding 681 author upon request. 
Taking a meridional average · over a narrow region about the equator, then if meridional varia-
688
tions from this average can be neglected in u and w, this leads to
from which (9) follows after use of the continuity equation. Variations in w with height then imply 690 corresponding meridional transport of mass and momentum out of the equatorial region.
691
APPENDIX B
692
Threshold behaviour in the advective model
693
Adopting the scaling discussed in the text, the vertical derivative of (9) is 
The vertical velocity of these characteristics is not the upwelling velocity (which would be 1 − u z 2 ).
698
For the piecewise quadratic forcing (15), this leads to a second order ordinary differential equation
they are exponential; we consider the former.
701
The switch-on problem considered in the text assumed an initial vertical profile of shear u z (t = 
706
The solution along characteristics is
where s parameterizes the characteristics, and the fact that 
Within the forcing layer, characteristics which enter the domain after the onset of the forcing will 712 first be subject to the lower flank of the imposed forcing which strengthens with height, producing 713 easterly shear. They then accelerate upwards until they pass z = 1, after which they are subject to 
727
More general forcing profiles can also be considered. Multiplying together (B2a) and (B2b)
which can be integrated to find
Characteristics turn over if they reach a height at which
For U = 0, this will necessarily occur for an arbitrary localized easterly force if the maximum 732 amplitude of F is greater than 1, or, equivalently, if its dimensional magnitude is greater than 
